Chitin, an insoluble linear b-1-4-linked homopolymer of N-acetylglucosamine, is a common constituent of fungal cell walls, the exoskeletons of insects, and shells of crustaceans, and is one of the most abundant polysaccharides in nature. Until 1982, no papers concerning the immunopotentiating effect of chitin and its derivatives had been published. We were able to find only one paper that reported that no chitin was stimulatory as judged by the incorporation of radioactive glucosamine or morphology of mouse macrophages in vitro.
, no papers concerning the immunopotentiating effect of chitin and its derivatives had been published. We were able to find only one paper that reported that no chitin was stimulatory as judged by the incorporation of radioactive glucosamine or morphology of mouse macrophages in vitro. 2) In 1982, we (Okawa et al.) first revealed that both chitin and chitosan (de-N-acetylated product of chitin) showed significant immunopotentiating effects against a few host-parasite systems such as mice with transplants of sarcoma-180 or with Ehrlich ascites tumors and mice infected with Staphylococcus aureus or Candida albicans, and these polysaccharides also increased the lysosomal enzyme levels of PEC in mice. 3, 4) Since then we and others have extensively conducted a series of investigations concerning the immunopotentiating activities of chitin, chitosan, and their oligosaccharides. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Pseudomonas aeruginosa and Listeria monocytogenes are important typical extracellular and intracellular bacterial pathogens, and cause opportunistic infectious diseases. 15, 16) In order to develop new immunopotentiators, we next planned protection experiments in mice pretreated with various chitin derivatives against infections by both microbes. We previously reported that mice administered one intraperitoneal injection of N-acetyl chitohxaose (NACOS-6) exhibited resistance to intaperitoneal regional L. monocytogenes infections. 13) In the present study, we conducted a comparative study on the protective effects of chitin, chitosan, and NACOS-6 against intravenous systemic and intraperitoneal regional P. aeruginosa or L. monocytogenes infections in mice.
MATERIALS AND METHODS
Mice Specific pathogen-free (SPF) male ddY and C3H/ HeSlc mice, 5-to 6-weeks-old, were obtained from the Shizuoka Laboratory Animal Center, Hamamatsu, Japan.
Bacteria Pseudomonas aeruginosa PA-103 and Lisrteria monocytogenes serotype 4b strains were cultured in nutrient broth and trypticase soy broth (BBL Microbiology system) with shaking at 37°C for 24 h, respectively.
Chitin, Chitosan, and N-Acetyl Chitohexaose Crude chitin and chitosan were commercially obtained from Wako Pure Chemical Industries, Ltd. (Tokyo) and Tokyo Kasei Industries, Ltd. (Tokyo), respectively. These polysaccharides were purified by the methods of Hackman 17) and Horowitz et al. 18) NACOS-6 was supplied by Ihara Chemical Industry Co., Ltd. (Tokyo).
Treatment of Mice Mice were given an intraperitoneal injection of chitin, chitosan or NACOS-6 (50 mg/kg/d) on days 6, 4, and 2 before the bacterial challenges and assays. The dosage was determined according to our previous paper.
5)
Determination of the Survival Ratio of Mice after Inoculation with Bacteria Two days after the last injection of chitin, chitosan or NACOS-6, the mice were intravenously or intraperitoneally injected with 1.3ϫ10 7 viable P. aeruginosa or 0.6-6ϫ10 7 viable L. monocytogenes cells. The survival of the mice was followed for 30 d.
Peritoneal Exudate Cell (PEC) Preparation PEC were obtained from the mice administered chitin, chitosan, and NACOS-6 by lavage of the peritoneal cavity with Hanks' BSS as described in our previous paper.
19 ) The cells obtained were distinguished by May-Giemsa stain.
Assay of Chemiluminescence Response PEC (1ϫ10 6 cells) were suspended in 1 ml of Hanks' BSS, preincubated with 5 mM D-glucose and 50 ml of luminol solution (4 mg/ml in dimethyl sulfoxide, DMSO) for 10 min, and then 2 ml of 0.001% phorbol myristate acetate in DMSO was added to each vial. The chemiluminescence (CL) response was measured for 10 min using a Biolumat LB 9500 (Berthold) and expressed as counts per minute (cpm) as described in our previous paper. 20) CL is dependent upon several intracellular metabolic events for the adequate generation and utilization
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21)
Assay of Myeloperoxidase Myeloperoxidase (MPO) activity was measured by the o-tolidine method as described in our previous paper.
20 ) The activity causing an increase in absorbancy of 0.001 per minute is expressed as one unit of enzyme activity.
Statistical Analysis Statistical analysis of mortality was conducted using Fisher's exact test, and statistical analysis of the PEC numbers, CL response, and MPO activity was performed using Student's t-test. For all experiments, the differences between two groups were considered significant at pϽ0.05.
RESULTS AND DISCUSSION
Protective Effects of Chitin, Chitosan, and NACOS-6 against Bacterial Infections As previously mentioned, Okawa first revealed experimentally that both chitin and chitosan showed significant immunopotentiating effects against mice infected with S. aureus and C. albicans, in addition to mice bearing ascite tumors. 3, 4) We, as the next step, studied in detail the protecting effects of chitin and chitosan against mice intravenously and intraperitoneally infected with C. albicans, and the number and active oxygen generating capacity of phagocytes (especially circulating blood polymorphonuclear leucocytes, PMN).
5,9,10) Also, the PEC of mice treated with the oligosaccharides of chitin showed Candidacidal activity in vitro. 6, 8) However, the tentative oligosacccharide, NACOS-6, did not show any protective effect in in vivo C. albicans infection systems in mice (unpublished data), though the oligosaccharide shows a protective effect against intraperitoneal L. monocytogenes infection in mice. 13) In the present study, we conducted a comparative study of the protective effects of chitin, chitosan, and NACOS-6 in mice intravenously or intraperitoneally infected with P. aeruginosa or L. monocytogenes.
As shown in Tables 1 and 2 , mice pretreated with chitin and chitosan showed resistance (pϽ0.05-0.001) to both P. aeruginosa and L. monocytogenes intravenous and intraperitoneal infections. NACOS-6 was not effective against the intravenous, systemic infections by either P. aeruginosa or L. monocytogenes, though the oligosaccharide was effective (pϽ0.005-0.001) against regional intraperitoneal infections in mice. 13) Chitin and chitosan are more effective than NACOS-6 since both offered protection against systemic infections by both microbes in mice.
Number and Killing Factor Contents of PEC It is generally assumed that protection against P. aeruginosa depends mainly on PMN. 22, 23) Whereas protection against L. monocytogenes, at least in the early phases, appears to depend mainly on macrophages, 22) and newly emigrated monocytes and neutrophils, 24) though the acquired resistance is mediated by a cellular immune response. 25) It is known that the CL response and myeloperoxidase activity of the activated phagocytes are very important in antimicrobial defense mechanisms against P. aeruginosa and L. monocytogenes infections. [26] [27] [28] [29] [30] To investigate the infection-protection mechanisms, the number, CL response, and myeloperoxidase activity of PEC in mice administered these saccharides were compared. As shown in Fig. 1 , the number, CL response, and myeloperoxidase activity of PEC from mice treated with chitin, chitosan, and NACOS-6 were greater (pϽ0.05-0.005) than those of the untreated PEC. The number of PEC per chitin-and chitosan-treated mice was apparently greater than that of the NACOS-6-treated mice, i.e., control, 0.21ϫ 10 7 ; chitin, 1.05ϫ10 7 ; chitosan, 1.78ϫ10 7 ; NACOS-6, 0.33 ϫ10 7 , respectively. The results of a cell proportion assay indicated that the ratios of PMN, macrophages, and lymphocytes in PEC in mice treated with chitin, chitosan, and NACOS-6 were 42; 55; 3%, 22; 76; 2%, and 16; 82; 2%, respectively. These saccharides elicited an increase in the number of PMN compared with those (0; 92; 8%) of the control group. Moreover, the CL responses of PEC from mice pretreated with chitin and chitosan were greater (pϽ0.05-0.001) than those of PEC from the NACOS-6 pretreated mice. The activity of total PEC in mice treated with chitin, chitosan, and NACOS-6 was about 43, 68, and 7 times, respectively, for the CL response, and about 90, 91, and 10 times, respectively, for myeloperoxidase, compared to the activity of total PEC from the untreated mice.
The results of a cell proportion assay indicate it is reasonable to state that the inductivity of the number of PMN and macrophages, especially PMN, increased in mice and is important to produce the total bactericidal activity. These results show that the remarkable increases in total bactericidal factors (more than 40 times for the active oxygens and more than 90 times for myeloperoxidase) in mice by these polysaccharides are important for manifesting their defense functions against the systemic intravenous infections of these mi- crobes, as mentioned in our previous papers. [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] It seems that mid level increases in the total bactericidal factors offer sufficient protection against regional intraperitoneal infections by these microbes. Chitin and chitosan are water-insoluble polysaccharides. 17, 18) If this problem of insolubility can be solved, both polysaccharides should become useful immunopotentiators to protect against infections.
